Abstract-This paper presents a design methodology to drastically improve the hot-switching reliability of contact-type radio frequency microelectromechanical system (RF-MEMS) switches. In the proposed design, sacrificial contacts are placed in parallel with low-resistance contacts to significantly reduce the electric field across the latter. The lower field strength drastically reduces the contact degradation associated with fieldinduced material transfer. Theoretical and numerical modeling shows that the proposed protection scheme introduces minimal, if any, impact on the RF performance of the switch. To realize the protection scheme, we introduce a novel mechanical design that allows the correct protection actuation sequence to be realized using a single actuator and bias electrode. As a demonstration, several 0-40-GHz RF-MEMS switches are fabricated using a robust copper sacrificial layer technique. Compared with unprotected switches, the protected switch design exhibits over 100 times improvement in the hot-switching lifetime.
I. INTRODUCTION
D UE TO its low insertion loss, high isolation, high linearity, wide bandwidth, and near-zero dc power consumption, radio frequency microelectromechanical system (RF-MEMS) switch has been an emerging technology that can be used in automated test equipment, wideband instrumentation, switching matrices, digital attenuators, satellite switching networks, and defense systems to achieve superior system performance. RF-MEMS switches have superior RF performance over traditional electromechanical relays, p-i-n diodes, and field effect transistor switches [1] . In addition, RF-MEMS switches can be fabricated on virtually any substrate, allowing them to be integrated with existing semiconductor processes.
Compared with capacitive RF-MEMS switches, metal contact-type switches have large bandwidth from dc to RF frequencies and are favored in many wideband applications [2] , [3] . Over the years, several companies and research groups have demonstrated RF-MEMS metal contact switches with excellent performance [4] - [7] .
However, reliability issues associated with RF-MEMS contact switches have been a barrier for a wider adoption of the technology [8] . The main failure mechanism for contact switches is contact degradation [9] , which can be attributed to a variety of physical and chemical processes, including welding [10] , stiction [11] , bridge transfer [12] , field-induced material transfer [13] , and carbon deposition [14] . In the past, significant efforts have been devoted to boost the lifetime (primarily in terms of cycling time) of RF-MEMS contact switches. For example, the Radant MEMS switch can be cycled up to 1.5 trillion times [4] and the Sandia MEMS switch was cycled up to 10 billion times [15] . However, both the switches were characterized under the cold-switching condition, in which the RF power is turned OFF before switching events occur. Under hot-switching conditions, in which switches are turned ON and OFF while the RF power is kept ON, the reliability of these switches degrades quickly with a sharp increase in contact resistance and insertion loss after a few tens of thousands of cycles. For applications where hot switching is needed [16] , improving the hot-switching reliability of RF-MEMS switches has been a significant challenge.
Several previous works have reported field-induced material transfer damage mechanisms in the hot-switching condition [17] - [19] . The common damage mechanisms include field evaporation, field emission, arc or pseudo-arc material transfer, and ohmic heating/bridge material transfer. These mechanisms are the result of a local potential difference caused by the RF voltage, which is not observed in cold-switching conditions. Thus, the hot-switching lifetime is usually significantly shorter than that under the cold-switching condition.
Several methods for improving the hot-switching reliability of RF-MEMS switches have been reported. One way is to use dissimilar contact materials (Au/Ru) rather than (Au/Au). Dissimilar contact materials will have less material transfer between each other than between the same material. The switch can be cycled up to 100 million cycles under 100 mW [20] . Another design uses a ball grid array (BGA) dimple design [21] . The contact dimple has a ball shape, and high electric fields that could cause arcing only happen near the tip of the contact dimple. Because of the high packing density, the BGA design could suppress the arcinginduced contact failure with field screening as well as the local mechanical deformation of each dimple. The fabricated switch can be cycled up to 100 million cycles under 1 W, but there is no report on how the contact resistance changes over the cycling test.
In this paper, we demonstrate a methodology for drastic improvement of the hot-switching reliability of RF-MEMS switches. In particular, we show that by employing a protective contact in parallel with a series RF-MEMS switch, the hotswitching lifetime can be extended by more than two orders of magnitude while maintaining excellent RF performance. In the past, we have proposed a similar concept that uses a protective contact in shunt and also improves the OFF-state isolation performance [22] . However, the hot-switching lifetime characterization results were not presented. Song et al. [23] , [24] demonstrated similar techniques that improved the hot-switching lifetime to 2 million cycles under 100-mW dc power.
However, the demonstrated switches were not designed for high-frequency operation and no RF characterization was presented.
In this paper, we present theoretical analysis of the performance and design tradeoffs of the proposed hot-switching reliability improvement methodology for RF-MEMS switches. We introduce a novel mechanical design that allows the correct protection actuation sequence to be realized using a single actuator. A robust copper sacrificial layer process was also introduced to ensure the reliability and yield of the switch fabrication. The fabrication process will be discussed in Section IV. Fig. 1 shows the proposed switch design and its working principles. Fig. 1(b) shows the top view of the switch. The movable part of the switch is a rectangular-shaped cantilever beam placed in series between the input and output signal lines. There are three groups of contact dimples toward the tip of the cantilever. The first group of contacts (labeled number 1) are placed at the very tips of the cantilever and serve as protection contacts that will be degraded during hot-switching events. The second group of contacts (labeled number 2), which are placed a distance away from the tip of the cantilever, provide low series ON-state resistance. Both groups 1 and 2 connect the input and output signal lines. The third group of contacts (labeled number 3) provide additional mechanical impact absorption and are not connected to the signal lines. In addition, three mechanical stopper contacts are placed in the middle of the biasing electrode only to prevent catastrophic contact between the cantilever and the electrode as there is no dielectric on top of the biasing electrode to prevent charging issues. These stopper contacts are not normally touched during switching cycles. The contact force will be concentrated on the conducting contacts to achieve a lower contact resistance.
II. DEVICE CONCEPT

A. OFF-State to ON-State
In one switching cycle, the switch is initially in the OFF-state [ Fig. 1(d) ]. As the bias voltage increases, the switch will close protection contacts ① and impact absorption contacts ③ first [ Fig. 1(e) ]. At this stage, most of the RF power will pass through protection contacts ① and the voltage difference between the low-resistance contacts ② and the output signal line is significantly lower than that in the case of no protection.
To see the protection mechanism quantitatively, we resort to the equivalent circuit modeling of the switch. Fig. 2(a) shows the equivalent circuit of a series contact switch without protection. Before contact is made, the switch can be modeled as a series connected capacitor whose capacitance C s is dependent on the overlap area A and separation d between the tip of the cantilever and the opposing RF electrode. To simplify the model, the series inductance and parasitic (mostly fringingfield) capacitance are omitted. We also assume that the contact dimple area is far less than A and contribute little to C s .
The S-parameters for Fig. 2 (a) are
where ω is the angular frequency of the RF signal, and Z 0 is the characteristic impedance of the transmission line. The voltage across the switch contacts with an input power of P is
is the amplitude of the incident wave (from the input port), V − 1 is the amplitude of the reflected wave, V − 2 the amplitude of the transmitted wave, and P is the input power.
Therefore, the voltage V sw,u across the unprotected switch is
The electric field intensity will be Fig. 2(b) shows the equivalent circuit of the protected switch with the protection contacts, which are modeled as a resistor R p in parallel with the switch capacitance C s . The contact resistance is assumed to be constant even though the resistance will drop as the biasing voltage increases. Following the same procedure as in (1)- (5), we can calculate the voltage across the protected switch contact
The electric field intensity will be
To evaluate the difference between (5) and (7), actual device dimensions (Section III-A) are used to illustrate the model. The area A is 56.25 μm 2 and d varies from 0.9 to 0.5 μm when contact is made between the dimples. Fig 3 shows the modeled electric field intensity between contacts ② with respect to d under 1 W input power and various R p values. The unprotected switch has the highest electric field intensity of 39.9 V/μm. The switch with 2 R p has the lowest electric field intensity of 0.78 V/μm, representing a more than 50 times reduction in the electric field intensity and making the switch much less prone to hotswitching damages. The electric field intensity tends to go up as the R p increases, so it is preferable to achieve a low R p . In essence, a local cold-switching condition is created by shorting the low-resistance contacts out with the protection contacts.
During the lifetime of the switch, protection contacts ① will be degraded by hot switching and R p will increase and gradually provide less protection for contacts ①. However, even if R p increases to 50 , the electric field intensity would still be only one-fourth of that of the unprotected switch [ Fig. 3(a) ]. Therefore, in practice, failure mechanisms The calculations show that even for a relatively large protection contact resistance of 50 , the electric field across the low resistance at 10 W RF power is at the same level as that of an unprotected contact at 1 W.
As the biasing voltage increases, the low-resistance contacts are closed. The switch transitions to the ON-state. RF power will be distributed between contacts ① and ②. However, contacts ② are designed to have low resistance, so that most of the RF power will pass through them, achieving low insertion loss.
B. ON-State to OFF-State
When toggling from the ON-state to OFF-state, the lowresistance contacts will still be protected from high and, potentially damaging, electric fields. When reducing the electrostatic bias, the beam will release in a way that will allow the low-resistance contacts to detach before the high-resistance/protective contacts. This results in safely transferring the RF power to the protection contacts, thereby allowing the low-resistance contacts to open in a nearly cold-switch condition. In the ON-state the cantilever is largely bent, so the restoring force is relatively high to prevent contact adhesion. As the biasing voltage further decreases, the protection contacts will detach and the switch will transition to the OFF-state. The electric field change will be the same as that from OFF-state to ON-state. During this sequence, the low-resistance contacts are still protected from the high electric field. Fig. 5 reprints Fig. 1(b) and (c) with the critical dimensions of the switch labeled. Table 1 lists the switch geometry parameters. The cantilever beam is 150 × 100 μm, while the overall switch occupies 150 × 200 μm. The switch is designed on a 50-coplanar waveguide (CPW) line. The protection contacts are connected directly from underneath the beam to the output port. The low-resistance contacts are connected from the outside of the beam. The ground planes of the CPW line are cut to match the impedance of the connecting line of the low-resistance contacts. The separation between the low-resistance contacts and the series protection contacts is chosen such that the actuation voltages of the two types of contacts are largely different. In this case, the protection contacts will have enough time to settle and protect the lowresistance contacts. There is a tradeoff, however, between the difference in the actuation voltages and the restoring force of the protection contacts. We will discuss the tradeoff in the mechanical analysis section. There is no biasing electrode from the series protection contacts to the low-resistance contacts. This configuration will distribute more contact force on the low-resistance contacts to achieve a lower contact resistance at ON-state. Finally, to facilitate dc biasing of the switch and to reduce undesired RF leakage, air bridges are formed to allow the biasing line to pass through the ground plane. 
III. SWITCH DESIGN AND MODELING
A. Switch Geometries
B. Mechanical Design and Simulation
The cantilever beam of the switch can be analyzed using the Euler-Bernoulli beam equation [25] 
where E = 79 GPa is Young's modulus of gold, I is the moment of inertia of the beam, and v is the deflection of the beam in the z-direction. The biasing electrode puts an even load on part of the beam. The load distribution (N/m) q can be expressed as [26] 
where 0 is the vacuum permittivity, V a is the applied bias voltage, and g 0 is the gap between the beam and the electrode.
In the following analysis, it is assumed that the load distribution q is constant across the cantilever neglecting the bending of the cantilever to get a simplified analytical solution of the beam profile. This assumption is valid when the biasing electrode is relatively far away from the cantilever and the change in the gap between the cantilever and the biasing electrode is small.
Before the protection contacts close, the boundary conditions are
The displacement of the beam can then be calculated as
When the protection contacts close, an additional boundary condition applies
In this case, the displacement can be solved as 
We can also express the contact force F 1 on the protection contacts as
When the low-resistance contact is closed, the following boundary condition is applied:
The contact forces on both protection contacts F 1 and lowresistance contacts F 2 can be written as
where
The displacement in this region can be calculated as
The calculated beam profile is plotted in Fig. 6 . The geometric parameters used in the calculations are the same as used in the switch design. By increasing the voltage, the beam is bent making contacts sequentially. The actuation voltage for the first contact is 29.5 V and for the second contact it is 74.9 V.
The contact sequence can also be understood from the contact forces (Fig. 7) . Because there is no biasing electrode between contacts ① and ②, the contact force is concentrated on contacts ② to achieve a lower contact resistance. It can be seen from Fig. 7 that the protection contacts experience the largest contact force just before the low-resistance contacts close when the actuation voltage increases, the contact force on the protection contacts gradually decreases and is transferred to the low-resistance contacts. If the bias voltage further increases, the protection contacts will detach leaving the lowresistance contacts as the only contacts for the switch. This will give a way to open the protection contact to recover the switch from stiction on the protection contacts.
When qualitatively designing the switch actuator, the protection contact dimple will always be positioned closest to the free end of the cantilever [please refer to Fig. 1(b) and (c) ]. The low-resistance contact will always be offset further back from the cantilever free end, in the direction of the anchor. In this configuration, the protection contacts will always close first. The restoring force on the protection contact is dependent on the distance between the protection contact and the lowresistance contact by
where x d is the distance from the protection contacts to the low-resistance contacts. Fig. 8 shows restoring forces for different protection contact positions. The restoring force is the highest when the protection contacts are placed next to the low-resistance contacts and the force decreases as the distance increases. High restoring force can counteract stiction, but the time interval between forming protection contacts and forming low-resistance contacts will be shorter if the two contacts are placed closer to each other. If the protection contacts are not mechanically damped, some settling time is needed before they reach a steady state. If the actuation interval between the protection contacts and the low-resistance contacts is not long enough, the low-resistance contacts may still see high RF power before the protection contacts settle and hotswitching damage is likely to happen on the low-resistance contacts. In this design, we place the protection contacts 30 μm away from the low-resistance contacts. The induced stress in the MEMS structure also needs to be studied and controlled to ensure reliable operation. Due to viscoelasticity and creep effects the material properties will drift during actuation [27] . This effect will lead to unexpected biasing voltage changes and reduce the reliability of the switch. Since the switch will be operating with a large degree of bending, the induced stress has to be kept at a minimum. The induced stress at the beam anchor has been minimized with an opening, which also serves as a release hole for sacrificial layer removal. Fig. 9 shows the simulated von Mises stress for the switch under 90 V actuation voltage using the Coventorware [28] FEM solver. The maximum stress is 60 MPa at the switch anchor.
Cantilever-based MEMS switches are highly susceptible to stress gradients. Stress gradients can result in undesired beam deflections, which typically lead to changes in the actuation voltage (beam bending up) and sometimes a completely unusable device (beam bending in down position and touching the bottom electrode right after releasing). The axial stress in the beam before release is
where σ 0 is the average compressive stress in the beam and σ 1 is the stress difference through the thickness of the beam. A linear stress gradient is assumed here. The internal momentum due to stress gradient can be calculated as
By solving the Euler-Bernoulli beam equation, the beam deflection due to the stress gradient is
Then, the total beam deflection is Fig. 10 shows the deflection due to positive stress gradient when there is no biasing voltage. The first contact dimple will touch the bottom electrode when the stress gradient is larger than 2.8 MPa/μm. The switch will be a constant ON, leading to permanent device failure. Fig. 11 plots the first and second contact dimple displacements under different actuation voltages with different negative stress gradients. With a negative stress gradient, the beam will bend up and the first contact dimple will always have a larger displacement upward than the second contact dimple. However, when the actuation is applied, the first contact dimple will always travel 0.4 μm to make contact with the bottom electrode first. The sequence that the protection contact will close first can be achieved even with a negative stress gradient up to 20 MPa/μm. In our fabrication process, the stress gradient was kept low and the beam is an intrinsic layer of plated gold. As shown in Fig. 15(b)(right) , the gap between the tip of the cantilever beam and the bottom electrode is almost exactly 900 nm as designed, which means the stress gradient of the beam is low. Neither permanent ON nor change of actuation sequence was observed in the experiment.
C. EM Analysis
The RF performance of the switch geometry is analyzed and optimized in Ansys HFSS [29] (Fig. 12) . The isolation is 23 dB at 6 GHz in the OFF-stage. Because the protection contacts introduce an additional overlap area between the cantilever and the bottom RF electrodes, the isolation performance is compromised for hot-switching protection. The insertion loss of the switch is 1.31 dB at 6 GHz when only the protection contacts are closed and is lowered to 0.04 dB when the low-resistance contacts are closed. To demonstrate the RF power redistribution, Fig. 13 compares the simulated current distributions of the two stages. It is clear that the current is concentrated on the protection contacts in the protection stage and transfers to the low-resistance contacts when they close. Fig. 14 shows the fabrication process for the switch, modified from [22] . The switch is fabricated on a high resistivity (∼10 k -cm) oxidized silicon substrate. A 150-nmthick high-resistance (∼1 k / ) silicon chrome (SiCr) dc bias line is first patterned by lift-off [ Fig. 14(a) ]. Next, a second lift-off is used to pattern the 150-nm-thick bottom gold (Au) contacts with a titanium (Ti) adhesion layer [ Fig. 14(b) ]. The protection contacts are patterned using a lift-off process. The 100-nm thick protection contacts are made of platinum (Pt) with Ti as the adhesion layer [ Fig. 14(c)] . A 400-nm thick copper (Cu) sacrificial layer with chromium (Cr) as the adhesion metal is sputtered and patterned with a lift-off process [ Fig. 14(d)] . A second 500-nm thick Cr/Cu sacrificial layer is deposited and patterned to form the cantilever dimple mold [ Fig. 14(e)] . A 50/150-nm Cr/Au is sputtered as the seed layer for the subsequent electroplating. Positive photoresist is spin-coated to 6 μm and patterned to form the electroplating mold for the cantilever. The cantilever is then electroplated to 5 μm thick [ Fig. 14(g) ]. The contact dimples are also electroplated and formed in gold in this step. The electroplating mold and gold seed layer are removed in their respective dedicated etchants before the devices are released in the chromium etchant and dried in the critical point dryer [ Fig. 14(f) ]. The chromium etchant is used to etch away all the copper sacrificial layers and chromium adhesion layers at the same time. The Cu sacrificial process avoids using any polymer as the sacrificial layer to minimize potential carbon contamination [14] . Fig. 15 shows optical and SEM images of the fabricated switch. Fig. 15(a) shows images of a protected switch and an unprotected switch used as a control device. The unprotected switch is essentially the same as the protected switch except that the protection contacts are not connected to the signal line.
IV. DEVICE FABRICATION
V. MEASUREMENT AND DISCUSSION
A. Actuation Voltage
The protected switch has two actuation stages. The actuation voltage of one protected switch is measured. The actuation voltage for the protection contacts is 29 V and for the lowresistance contacts it is 82 V. This result is in good agreement with the modeling (29.5 and 74.9 V, respectively).
B. S-Parameters
The small-signal RF performance of the fabricated switches was measured using an HP 8722D network analyzer with ground-signal-ground (GSG) microwave probes. On-wafer through-reflection-line (TRL) standards were used for calibration to the reference planes indicated in Fig. 15(a) . One switch with protection contacts and another without protection contacts were measured for comparison.
The S-parameter measurement results are shown in Fig. 16 switch has a lower insertion loss in general due to additional conducting contacts. The isolation for the protected switch is 36.8-8.1 dB, and for the unprotected it is 38-9.6 dB, both measured in the 0-40-GHz range. The protected switch has poorer isolation due to greater overlap between the actuator and the contact electrode because of the additional protection contacts. The measured and simulated isolation has a 3-dB discrepancy due to an unintended expansion of contacts and dimple sizes in the device fabrication.
C. Linearity
The linearity of the MEMS switch was measured at a center frequency of 2.4 GHz. Fig. 17 shows the test setup for the two-tone measurement. The two tones were 25-MHz offset from the center frequency. The input power level varied from 12 to 16 dBm. The spectrum analyzer is set to a 20-dB input attenuation to ensure that the nonlinearity of the equipment does not introduce appreciable measurement errors. The thirdorder intermodulation intercept point (IIP3) of the device is 64.1 dBm. The IIP3 of a through line was also measured and it was found to be 68.3 dBm. The IIP3 is limited by the passive intermodulation caused by the interface between the probe tips and the CPW line and the substrate. The linearity limitation is typically found in probing RF MEMS switches [20] .
D. Switching Time
The switching time was measured in order to set up the cycling frequency of the lifetime measurements. The test setup [ Fig. 18(a) ] consists of an RF signal generator, a circulator to block the reflected power, a function generator to generate the actuation waveform, a linear amplifier to amplify the waveform, an RF detector to convert the RF signal into dc signal, and an oscilloscope to capture the detected waveforms. When the switch is opened, the RF power is reflected and circulated to the 50 load. Once the switch is closed, the RF power passes through the switch and is converted into dc voltage by the RF detector. The actuation waveform and detected waveform are compared in the oscilloscope to determine the switching time. The RF signal was set to 5 dBm at 2.4 GHz. A square waveform of 500 Hz, 5-V peak-to-peak voltage, with a 20% duty cycle is supplied by the function generator. The waveform was amplified 20 times by a linear amplifier.
A protected switch and an unprotected switch were measured in an open-air lab environment at room temperature. The protected switch has a switch-ON time of 45.1 μs and a switch-OFF time of 17.4 μs [ Fig. 19(a) and (b) ]. The unprotected switch has ON and OFF switching times of 49.7 and 9.6 μs [ Fig. 19(c) and (d) ]. From the waveform, it can be seen that the switch has no bouncing when switching ON or OFF.
E. Mechanical Cycle Test
To further isolate the failure mechanisms that are unique to electrical and mechanical phenomena, a switch with no RF power passing through was toggled to 500 million cycles to examine the mechanical impact damage of the dimple to the bottom electrode. A four-point resistance measurement setup was used to measure the change in the contact resistance for both the contacts. Fig. 20 shows the contact resistance changes over 500 million cycles. The contact resistance remained low up to 200 million cycles (9.52 for protection contact and 1.87
for low-resistance contact) and greatly increased after 500 million cycles (26.8 for protection contact for low-resistance contact). The increase in the contact resistance is due to the impact damage of the dimples on the bottom electrode.
F. Hot-Switching Lifetime
The hot-switching lifetime test setup is shown in Fig. 18(b) . In addition to the switching time test setup, a power amplifier is included to amplify the input RF signal, a power meter is added to monitor the exact power level sent into the switch, and a four-point resistance measurement setup is connected through bias-Tee to consistently monitor changes in the contact resistance. The RF frequency used in the cycling test is 2.4 GHz. The RF probes are used as the current source and two additional dc probes are used to measure the voltage drop across the switch. The contact resistance is measured by actuating the switch at 90 V using a dc voltage source [not shown in Fig. 18(b) ]. The dc probes do not touch the switch during cycling test but only touch the switch when resistance Contact resistance changes in the protection contact and lowresistance contact over 500 million mechanical cycles. measurement is taken in order to isolate the potential RF signal leak from the dc probes. The oscilloscope and the RF detector are used to detect the switching behavior changes. A total of six pairs of protected and unprotected switches are tested. Three pairs are tested under 1 W RF power and the other three under 2 W, all under the hot-switching condition. Again, the switches are tested under open-air lab environment and room temperature conditions. The protected switches can all cycle up to 100 million cycles at 1 W and 50 million cycles under 2 W. Four pairs of protected and unprotected switches were measured continuously at 3 kHz and 50% duty cycle, while the other two pairs were measured at 1 kHz and 50% duty cycle and stopped at different cycle numbers to record the changes in the contact resistance. All the contact resistance values were measured by the four-point resistance measurement setup and the current source-meter was set at 5 mA for all resistance measurements. It takes 9 and 27 h to cycle a switch to 100 million cycles at 3 and 1 kHz, respectively. Due to time constraints, only two pairs (a total of four switches) were measured with the contact resistance changes recorded. Fig. 21(a) shows the contact resistance changes under 1-W hot switching. The resistance of the low-resistance contacts was protected and remained below 1 up to 100 million cycles, whereas that of the unprotected one increased beyond 1 after approximately 10 000 cycles. Fig. 21(b) shows the contact resistance change under 2 W hot switching. The same measurement setup was used. The low-resistance contacts on the protected switch remained below 1 up to 50 million cycles, whereas the resistance of the unprotected one increased beyond 1 after approximately 10 000 cycles.
Both the protected switches failed due to stiction at the protection contacts. The stiction failure was observed between 100 and 150 million cycles under 1 W and 50-100 million under 2 W. The stiction may be attributed to the local heating and melting of the contact material as the protection contact resistance increased. To alleviate the stiction problem, a high contact force and restoring force actuator design can be used [20] . From the calculation in the mechanical design section, the cantilever tip will bend up if the biasing voltage keeps increasing. The bending of the tip can pull the protection dimple away from the bottom electrode. The switch can be actuated under a higher biasing voltage to have the protection contact lifted up; in this case the protection contact will not participate in the conducting current, leading to less local heating and melting problem and may also alleviate the stiction problem. Table II compares the lifetime of the proposed switch against recent demonstrations of hot-switching RF-MEMS switches. The switch shows the state-of-the-art reliability under hot-switching power of 1 W and great promise for the reliability under hot-switching power beyond 1 W.
VI. CONCLUSION
An RF-MEMS switch with series protection contact achieving high reliability under high-power, hot-switching condition has been demonstrated. The series protection technique can boost the hot-switching lifetime up to 100 times, compared with switches without series protection contacts. To further improve the reliability of the proposed switches, the future work includes optimization of the structural design and contact materials.
